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Introduction
Structural and functional plasticity of excitatory synapses is assumed to play a major role as a physiological mechanism underlying learning and memory (reviewed in Alvarez and Sabatini, 2007) . Changes in synaptic strength, but also remodeling of excitatory synapses, including enlargement of dendritic spine heads, modifications of the postsynaptic density or growth of new protrusions, have been largely described as a result of application of high frequency stimulation patterns or other activity paradigms such as short anoxic/hypoglycemic episodes or seizure induction (Buchs and Muller, 1996; Jourdain et al., 2002; Bourne and Harris, 2008) . Far less is known about modifications of inhibitory synapses under similar conditions of activity, although inhibitory inputs play a crucial role in shaping the activity of neuronal networks (Cobb et al., 1995; Freund and Buzsaki, 1996; reviewed in Freund, 2003; Klausberger and Somogyi, 2008) . Long-term changes of interneuron discharge and of inhibitory transmission associated with increased synaptic activity have been reported at various inhibitory synapses (Buzsaki and Eidelberg, 1982; Gaiarsa et al., 2002; Kullmann and Lamsa, 2007; Klausberger and Somogyi, 2008; Pelletier and Lacaille, 2008; McBain and Kauer, 2009; Nissen et al., 2010) . The cellular and molecular mechanisms underlying these phenomena are however still poorly understood and rely on both pre-and postsynaptic modifications depending on the synapses under study. Similarly, the issue of whether structural remodeling of inhibitory synapses also occurs under conditions that induce structural plasticity of excitatory synapses is yet unclear. A recent study indicates that an LTP-inducing theta-burst stimulation protocol results in parallel changes in excitatory and inhibitory synapse morphology and in particular in a reduction in number but increase in size of inhibitory synapses on distal dendrites of CA1 pyramidal neurons (Bourne and Harris, 2010) . Here we used a brief oxygeneglucose deprivation (OGD) paradigm that promotes a very large scale strengthening and remodeling of excitatory synapses and electron microscopy (EM) to examine whether morphological modifications of axo-somatic inhibitory synapses take place at the level of hippocampal CA1 pyramidal neuron somata, where inhibitory contacts are concentrated. Our data demonstrate a rapid activity-related structural plasticity of inhibitory synapses that may contribute to the maintenance of the balance between excitation and inhibition.
Methods

Organotypic hippocampal slice cultures
Hippocampal organotypic slice cultures were prepared from 7 days old rat pups as described (Stoppini et al., 1991) , according to a protocol approved by the Geneva Veterinarian Office (authorization 31.1.1007/3520/0), and maintained in culture for 10e13 days before experiments. The use of organotypic cultures as a model system facilitated experimental manipulations and allowed us to limit the number of animals used for the study.
Induction of anoxic LTP by brief oxygeneglucose deprivation
Brief oxygeneglucose deprivation episode was applied to induce the anoxic LTP (Hammond et al., 1994; Hsu and Huang, 1997; Jourdain et al., 2002) . The organotypic cultures grown on confetti cut from porous Millipore membranes (Millipore) were placed in an interface chamber perfused with an artificial cerebro-spinal medium containing (in mM): 124 NaCl, 1.6 KCl, 2.5 CaCl 2 , 1.5 MgCl 2 , 24 NaHCO 3 , 1.2 KH 2 PO 4 , 2 ascorbic acid, and 10 glucose (pH 7.4; 32 C), bubbled with a gas mixture containing 95% O 2 and 5% CO 2 (Jourdain et al., 2002) . Short episodes of oxygene glucose deprivation were produced by switching to a medium containing 10 mM sucrose instead of glucose and exposing the slice cultures to an atmosphere composed of 95% N 2 , 5% CO 2 for 10 min, followed by recovery under the standard conditions in the incubator for 30 or 60 min before fixation for EM. Ten minutes exposure to OGD in the interface configuration induces robust and long-lasting LTP (Jourdain et al., 2002) , while shorter OGD episodes in this configuration were unable to induce sufficient potentiation (unpublished observations).
Electron microscopy processing
The cultures were fixed and processed for EM using a classic EPON embedding protocol. Before ultra-thin cutting, the semi-thin sections (2 mm) were cut from all cultures, stained with methylene blue and examined with light microscopy. For 3D reconstructions, ribbons of ultra-thin sections (60 nm; ultratome Ultracut-E; Reichert-Jung) were cut at the depth of 40e60 mm from the membrane side of the culture, in the CA1 stratum pyramidale, collected on single-slot Formvar-coated copper grids and stained for 20 min in 5% uranyl acetate and 30 s in lead citrate. From each slice culture, 40e50 ultra-thin sections were cut. The preparations were examined using Tecnai G 2 12 transmission electron microscope (FEI Company; Eindhoven, Netherlands) equipped with a digital camera Mega View III (Soft Imaging Systems, Munster, Germany), and the serial images were taken at magnification of Â23,000. For the synapse density and PSD fraction estimations on the single sections, the thin and ultra-thin sections from pyramidal CA1 layer were cut from the same culture at different angles, to avoid possible orientation bias. For each experimental group, 3 slice cultures from different experiments were cut and analyzed. The single images were taken from randomly spotted pyramidal cell bodies at magnification of Â9700. The data were expressed as the number of synapses (presynaptic terminals facing a postsynaptic density) or fraction of PSD per micrometer of a cell body membrane profile.
Immunogold staining for g-aminobutyric acid (GABA)
Identification of inhibitory GABAergic synapses was carried out with postembedding immunogold staining as described (Buckmaster et al., 2002) . Briefly, grids with ultra-thin sections were washed in saline containing 0.05 M Tris and 0.1% Triton X-100 (TBST, pH ¼ 7.6), incubated in blocking solution (10% normal goat serum (NGS) in TBST) for 1 h, and in primary antibodies (mouse monoclonal anti-GABA, Sigma; 1:200 in TBST containing 2% NGS) overnight, at 4 C. After a thorough wash, the grids were incubated during 1 h with anti-mouse IgG conjugated to 15 nm gold particles (BBInternational; 1:40 in TBST containing 1% BSA, pH ¼ 8.2), and thoroughly washed. The images of the labeled synapses were taken at magnification of Â23,000.
Morphological analysis and three-dimensional reconstructions
Inhibitory (symmetric) synapses were defined by the presence of a thin PSD facing an active zone of the similar thickness, with at least three presynaptic vesicles. Complex PSDs were defined by the presence of a discontinuity on a single section. Inhibitory presynaptic terminals were identified by the presence of an enlargement of the axonal shaft containing pleomorphic synaptic vesicles and facing at least one symmetric PSD. The apposition zone of the presynaptic terminal to the cell body was estimated as a total area of contact between the membranes of these two structures. The synapse profiles were photographed serially, aligned, reconstructed and analyzed using software Reconstruct developed by J.C. Fiala and K.M. Harris (RECONSTRUCTTM available for download at http://synapses.clm.utexas.edu/ tools/reconstruct/reconstruct.stm; Fiala and Harris, 2001; Fiala, 2005) .
For each condition, 30 synapses with a simple PSD and 20 synapses with a complex PSD, selected randomly, were 3D reconstructed and analyzed.
Statistical analysis
Data are shown as mean AE SEM. Statistical analyses were performed using the KolmogoroveSmirnov non-parametric two-sample test.
Results
Axo-somatic inhibitory synapses
Previous work has shown that application of a brief OGD to hippocampal slices results in a lasting increase of excitatory synaptic strength, mimicking theta burst-induced LTP and without effects on immediate cell survival (Crepel et al., 1993; Hammond et al., 1994; Hsu and Huang, 1997; Jourdain et al., 2002) . This lasting synaptic potentiation was therefore called anoxic LTP. Like theta burst-induced LTP, brief OGD-mediated potentiation is NMDA and calcium dependent and accompanied by excitatory synapse remodeling and spine growth (Jourdain et al., 2002) . Additionally, an important advantage of this protocol is that the changes in synaptic strength and ultrastructure are produced at a very large scale (Jourdain et al., 2002) thus making possible morphological analyses by random sampling of synaptic contacts.
Previous work reported that examination of slice cultures on semi-thin sections revealed no signs of acute cell damage or death of neurons within 1 h after the brief OGD episode (Jourdain et al., 2002) . Consistent with this finding, we did not detect signs of cell damage by electron microscopic analysis of CA1 pyramidal cell bodies and interneurones in this study. In order to verify this further, we measured the diameter of CA1 pyramidal cell bodies on the semi-thin (2 mm) sections from EPON-embedded slices (3 slices per condition, 50 neurons per slice; in total, 150 pyramidal cell bodies per condition). This analysis confirmed that brief OGD episode did not induce detectable changes in cell body dimensions (minimum and maximum diameters measured for each cell were: 13.2 AE 0.2 and 21.5 AE 0.3 mm, under control conditions; 13.1 AE 0.2 and 21.4 AE 0.3 mm, 30 min after OGD; and 12.9 AE 0.2 and 21.0 AE 0.3 mm, 60 min after OGD).
Using this brief OGD stimulation paradigm, we examined how activity affected the morphological characteristics of inhibitory synapses present on the soma of CA1 pyramidal cells, comparing PSD size and shape, apposition zone and presynaptic terminal volume 30 and 60 min after OGD to non-stimulated controls. These time points were chosen based on our previous observations indicating a marked remodeling of excitatory CA1 synapses and the formation of new spines during the first hour following theta-burst stimulation (Toni et al., 1999 (Toni et al., , 2001 or brief OGD episode (Jourdain et al., 2002) . We took special care to correctly identify pyramidal cells in the CA1 region of organotypic hippocampal slice cultures. At the EM level, pyramidal cell bodies were defined by a typical pyramidal shape and by the presence of a large round nucleus, with homogeneously dispersed karyoplasm, that occupied much of the perikaryon. Inhibitory somatic synapses were identified by their morphology (Peters et al., 1991) : symmetric synaptic contacts, with a narrow synaptic cleft and a postsynaptic density significantly less pronounced than in excitatory synapses, facing axonal terminals filled with pleomorphic synaptic vesicles (Fig. 1A) . In order to validate these morphological criteria, a series of experiments was carried out with immunogold staining for GABA. As shown in Fig. 1 , gold particles were indeed observed in synapses identified using the above criteria as symmetrical or inhibitory, but absent in asymmetrical excitatory contacts (Fig. 1B) .
Three-dimensional analysis of axo-somatic inhibitory synapses
Serial images were taken from randomly spotted inhibitory synaptic contacts on CA1 pyramidal cell bodies. Three-dimensional reconstructions of the apposition zone of the presynaptic terminal to the cell body, of the PSD and of the presynaptic bouton ( Fig. 2A) revealed that transient OGD resulted in a progressive and significant increase of the PSD size of inhibitory synapses. The increase was detectable already at 30 min and became significant 1 h after treatment, averaging 58% when compared to non-stimulated controls (0.098 AE 0.008 mm , in controls and 60 min after stimulation, respectively; Fig. 2B and C) . Three-dimensional analysis of somatic inhibitory PSDs showed a high diversity of shapes, including simple, macular (Fig. 1) , but also complex shapes, with discontinuities of the PSD on single sections. 3D reconstruction of these PSDs revealed complex, non-macular shapes, referred to as perforated PSDs (Fig. 3A) , or PSDs with a complete fragmentation of the synaptic contact and separate pools of synaptic vesicles facing each part of the PSD (segmented PSDs; Fig. 2A; Fig. 3A) . Under control conditions, PSDs with complex shapes revealed by 3D reconstruction were on average almost two times larger than macular ones (0.075 AE 0.007 mm 2 and 0.133 AE 0.012 mm 2 , respectively; p < 0.05; Fig. 3B ). Synapses with simple PSDs were also associated with significantly smaller presynaptic terminals ; Fig. 3C ). In general, there was a positive correlation between the size of the inhibitory PSD and the volume of the presynaptic terminal contacting it (r ¼ 0.66).
Activity-dependent remodeling of inhibitory synapses
We then analyzed separately the parameters of simple and complex synapses, under conditions of brief OGD. These experiments revealed a marked enlargement of the PSDs for the synapses with complex PSDs (71.5% increase 1 h after stimulation when compared to the values obtained in non-stimulated controls: 0.228 AE 0.016 mm 2 and 0.133 AE 0.012 mm 2 respectively; p < 0.05), while in the synapses with simple PSDs the changes were not significant (Fig. 3B) Fig. 3C and D) , the changes averaging 28.8% and 31.3%, respectively. The differences in apposition zone or terminal volume for synapses with simple PSDs were not significant. These activity-dependent modifications of the sizes of inhibitory PSDs and of related presynaptic terminals showed a strong correlation at both times analyzed after stimulation (r ¼ 0.89, 30 min after brief OGD, and r ¼ 0.84, 60 min after stimulation). Together, these experiments show that brief OGD is associated with marked enlargement of inhibitory contacts affecting primarily synapses with complex PSDs.
Synapse density, PSD coverage and type
Next, we investigated whether synaptic activity could induce formation of new inhibitory synaptic contacts on CA1 pyramidal cells within our experimental time frame. The number and size of inhibitory synapses per micrometer of cell body length was estimated on random single sections of the CA1 pyramidal cells (Fig. 1A) by measuring the number of presynaptic terminals facing inhibitory PSDs and fraction length of somatic membrane covered by inhibitory PSDs. We analyzed 100 images per condition representing a total length of the soma contour of 1450 mm for controls, 1489 mm 30 min after and 1480 mm 1 h after a brief OGD. These measurements showed that the number of inhibitory terminals per 100 mm of somatic membrane did not change after stimulation with respect to non-stimulated controls (Fig. 4A) . However, the total coverage of somatic membrane by inhibitory PSDs (measured as PSD length per mm of cell body profile length) increased, consistent with the enlargement of synapses reported above (from 0.030 AE 0.002 mm in controls to 0.041 AE 0.002 mm 1 h after stimulation; Fig. 4B ). Additionally, an important change concerned the type of inhibitory synapses as determined by the presence of Fig. 1 . Electron microscopy illustrations of the axo-somatic inhibitory synapses. Arrow points at the symmetric inhibitory synapse on pyramidal cell body in the CA1 hippocampal area. Compare with asymmetric excitatory synapses in the neuropil (A, asterisks). Post-embedding immunogold staining for GABA is present in the symmetric inhibitory synapse on the soma (arrow) but absent in the excitatory presynaptic terminal facing a thick PSD (asymmetric excitatory synapse, asterisk) in a dendritic spine (B). Scale bars: A -1 mm; B -0.25 mm. complex PSDs. Under control conditions, complex (discontinuous on a single section) PSD profiles represented 17.2% of all synapses. Following a brief OGD, this proportion significantly increased, by 66.5% at 30 min and by 142% at 1 h, representing respectively 28.3% and 38.2% of total inhibitory synapses ( Fig. 4C and D) . Conversely, macular PSD profiles were less numerous and decreased by 18.3% 1 h after stimulation. We further verified these measurements on serial sections, by tracing 30 randomly selected inhibitory contacts for each experimental condition through adjacent consecutive sections in order to determine the types of the PSDs (simple or complex) and their proportion within this random sample. This analysis provided ratios of simple and complex PSDs very similar to those obtained by single section assessment (compare Fig. 4D and E). Three-dimensional analysis of the complex synapses observed after stimulation showed a significant trend to formation of segmented PSDs, since their proportion increased from 25% under control conditions to 45% at 1 h (Fig. 4F) . Together, these data indicate that synaptic activity was not associated with an increase in inhibitory synapse number on CA1 pyramidal cell soma, but promoted their enlargement and transformation into complex, often segmented synapses.
Discussion
Hippocampal interneurons have extensive axonal arbors and innervate multiple pyramidal cells providing regulation of the overall level of excitability and synchronization in the network. The inhibitory input on the perisomatic region of a hippocampal CA1 pyramidal neuron originates primarily from basket cells (Freund and Buzsaki, 1996; Somogyi and Klausberger, 2005; Klausberger and Somogyi, 2008) and constitutes around 40% of all inhibitory synapses on a pyramidal cell (Megias et al., 2001) . Because of the Fig. 3 . Activity induces more pronounced restructuring of the inhibitory synapses with complex PSDs. EM illustration of a symmetric synapse with a complex PSD and separate synaptic vesicle pools (arrows) is shown on the top and examples of the 3D reconstructions of the complex segmented (1e2) and perforated (3) inhibitory PSDs on the cell bodies are presented underneath (A). Example 1 corresponds to the synapse illustrated on EM. Activity induces preferential enlargement of the PSD area of the complex synapses (B), as well as their apposition zone between a presynaptic terminal and a pyramidal cell soma (C) and the volume of the corresponding presynaptic inhibitory terminal (D). Data represent the mean AE SEM; *indicates statistical significance (p < 0.05) comparing to controls, by KolmogoroveSmirnov two-sample test. Scale bar in A -0.25 mm.
importance of this perisomatically clustered inhibition for the control of individual neurons output and of network activity (Cobb et al., 1995; Miles et al., 1996 ; reviewed in Bartos et al., 2007) , we have chosen to analyze structural modifications of inhibitory synapses on the pyramidal cell soma under exposure to a brief OGD, a condition that has previously been shown to affect a large fraction of excitatory synapses, modifying both their strength and morphology.
Three-dimensional reconstructions of inhibitory synapses on CA1 pyramidal cell bodies revealed a high variability of inhibitory PSD shapes and sizes under control conditions. Along with simple (macular) PSDs, we also detected a significant fraction of synapses with complex (perforated or segmented) shapes, which were, on average, 1.8 times larger than simple ones. Complex PSDs were initially described at excitatory synapses on dendritic spines, where they are present under control conditions (Harris et al., 1992) , but increase in number following induction of plasticity (Geinisman, 1993; Toni et al., 1999 Toni et al., , 2001 Ganeshina et al., 2004; Stewart et al., 2005) . They have been therefore considered as a plausible morphological correlate of synapse strengthening, possibly reflecting the increased number of AMPA receptors expressed at potentiated synapses (Bourne and Harris, 2008) . Our experiments reveal that at symmetric, inhibitory synapses, the postsynaptic densities are also sometimes disposed as discrete patches facing the same terminal, consistent with the observation of interruptions of the PSD on random single sections (Peters et al., 1991) . Threedimensional reconstructions illustrate the complexity of some inhibitory somatic PSDs, demonstrating the existence of separate release pools of synaptic vesicles attached to each part of a segmented inhibitory PSD. These experiments also reveal the correlation existing between PSD size and complexity and the volume of the presynaptic terminals facing these synapses.
The information regarding the effect of activity on the structural plasticity of inhibitory synapses is rather scarce, and mostly comes from light microscopy studies. Under conditions of chronic activity blockade in neuronal and organotypic cultures from hippocampus, the amount of inhibition and density of GABAergic terminals were reported to decrease (Marty et al., 2000; Hartman et al., 2006) . In contrast, chronic activity or repetitive activation such as occurs with kindling has been shown to lead to a strengthening of inhibitory synaptic inputs, an enlargement of apposition zones and an increase in the number of GABA A receptors at inhibitory synapses, detected both with light microscopy and EM (Nusser et al., 1998; Marty et al., 2004) . These results thus point to the existence of mechanisms regulating the number of receptors expressed at inhibitory synapses and possibly controlled by ubiquitination processes (Saliba et al., 2007) . Additionally, there is also evidence that continuous whisker stimulation during 24 h increases inhibitory synapse number and density and the ratio of inhibitory to excitatory synapses on spines in stimulated barrels (Knott et al., 2002) . In a recent EM study LTP induction by theta-burst stimulation was reported to result in a correlated structural plasticity of excitatory and inhibitory synapses on distal apical dendritic segments of the CA1 pyramidal cells (Bourne and Harris, 2010) . The number of inhibitory synapses decreased and was counterbalanced by an increase in their PSD surface area. These new data suggest that excitatory activity can be associated in dendritic areas to correlative changes in inhibitory synapse number or morphology. As neuronal firing is mainly controlled by somatic inhibition, an important question was therefore to understand whether such structural remodeling could also affect somatic inhibitory synapses. Our experiments provide the first direct evidence that this is indeed the case. We used an activation protocol that was previously shown to trigger a potentiation of excitatory synapses comparable to LTP and to also affect their morphology in a similar way (Jourdain et al., 2002) . It seems likely that these brief OGD episodes promote an LTP-like phenomenon at a large number of excitatory synapses, increasing thereby excitability. As shown by our 3D-EM reconstruction experiments, this protocol resulted in a marked structural reorganization of somatic inhibitory synapses. The size of synapses with complex PSDs markedly increased, the total PSD area on somatic pyramidal membranes also enlarged and this was associated with a shift from simple synapses with macular PSDs to complex synapses with segmented PSDs. The overall number of inhibitory contacts was however not found to be modified. These results suggest that this activity protocol promoted a global enlargement and restructuring of a large fraction of existing inhibitory synapses. This conclusion is consistent with the notion that kindling and strong stimulation protocols can be associated with an increased expression of GABA A receptors and that inhibitory synapses can also undergo a lasting potentiation. The additional interesting information provided here is that the structural changes are quite rapid and share similarities with what has been reported at excitatory synapses under similar conditions. Namely, the increased number of synapses with complex and particularly segmented PSDs, also reported in many studies at excitatory synapses, could similarly reflect processes regulating the expression of receptors and specifically their enhanced trafficking. One possible interpretation of these results could therefore be that the structural rearrangements described here represent the morphological correlate of an enhanced GABA A receptor trafficking and inhibitory potentiation triggered by increased excitatory activity. Although we did not assess inhibitory activity in these experiments, these results suggest that this inhibitory structural plasticity could represent a compensatory mechanism to maintain and adapt the excitatory/inhibitory balance in the tissue. This also opens new interesting questions with regard to the mechanisms responsible for these changes.
Together, this study provides strong evidence that enhanced activity can be rapidly associated with an important structural remodeling of inhibitory synapses consistent with a synapse enlargement and increased efficacy of somatic inhibition. These results thus confirm the existence of correlative excitatory/ inhibitory structural adaptations that could play a central role in the maintenance of the excitatory/inhibitory balance.
